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o STABLE CRACK GROWTH IN ALUMINUM TENSILE SPECIMENS
e

L* B.S.-J. Kang*, A.S. Kobayashi* and D. Post

ABSTRACT

Post’'s white light moire interferometry was used to obtain sequential
records of the transient uy-displacement fields associated With stable crack
growth in 7075-T6 and 2024-0, single edge notched (SEN) specimens with tatigued
cracks. The uy-displacement fields were used to evaluate the crack tip opening
displacement (CTOD), far and near-field J-integral values, Dugdale strip yield

model, William's polynomial function and the HRR fields.

INTRODUCTION

Crack growth in ductile material can be divided into three stages, namely,
1) plastic yielding and the onset of stable crack growth, 2) stable crack
growth and 3) rapid tearing. Since the measured crack velocity during rapid
tearing is less than 5 percent of the dilatational wave velocity [1,2,3], rapid
tearing and stable crack growth can be considered as quasi-static deformation
processes. The crack-tip state for rapidly tearing and stably growing cracks,
however, are different from that of a stationary crack. Asymptotic analyses of
a stationary crack in an elastic, perfectly plastic solid under infinitesimal
deformation show that the strains vary as 1/r but for a growing crack the
strainsg vary as 1n(l/r) [4-8]. On the other hand, numerical studies [9-131 on

stable crack growth do not address the crack tip singularity problem but

i, discuss the somewhat near stress field surrounding the crack tip.
iij Numerous fracture parameters which characterize stable crack growth under
"; small-scale yielding condition, such as average crack opening angle (COA) [14],

* University of Washington, Department of Mechanical Engineering,
Seattle, WA 98195,
#% Virginia Polytechnic Institute and State University, Department of
[. Engineering Science and Mechanics, Blacksburg, VA 24061.

9

LA'_A‘J...J' IR S R SR T SN SR . B £ _aa P . daivmde Salia a A ata e st A ANA A AL AL




Veovry,
r

ie IR
&r"" :
I

-

’

N

o

' et
- "I'. ,"1 *y

L

LI o o e o

i

o - —laftal L Ay B s - el e SN aee B Oa Rhe. B i dn B T EAAGE e A BN e Sl “Sad Al LB A e hirig - il SRACASAC A L AR
4. - <~ . o liafoliat . . - -

crack tip opening angle (CTOA) [153, <crack tip opening displacement (CTOD)
[16]), critical strain £17,18], energy release rate [19], crack tip force [20],
J-resistance curve [21] and tearing modulus (T) [22], have been proposed. Of
these, the crack tip opening angle (CTOA) or displacement (CTOD) was shown to
be suited for modeling stable crack growth and instability during the fracture
process [15,20,21].

Under large-scale yielding condition, however, there is no analytical
solution available for stable crack growth. Attempts have been made to extend
the ductile fracture criteria for small-scale yielding and stable crack growth
to large-scale yielding. The few results published to date [1,2,15,201]
indicate that under limited conditions, the CTOA or CTOD, are plausible ductile
fracture criteria. The purpose of this paper 1is to present preliminary
experimental findings on the crack tip parameters which control the initiation
and propagation of stable crack growth. An approximate J-integral evaluation

procedure based on uy—displacement field is also presented.

ANALYTICAL BACKGROUND

(1} J-inteqral
For tWwo-dimensional problems of materials governed by nonlinear elasticity
and deformation plasticity theory subjected to monotonically loading condition,

the J-integral is defined as [Z23]

-
lewdy—f-éﬂds (1)
. ax

where
: contour surrounding the crack tip
: traction vector along the :ontour

: displacement vector on the contour

X 3

: strain enerqy density on the contour
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In the following, an experimental procedure for direct far-field and
approximate near-field J-integral measurement is introduced. The underlining
methodology is to compute the J value with only the uy—displacement field which

is obtained from a single moire interferometry recording.

Far-field J-inteqral Measurement

Consider a line-integration contour 1in a single edge notched (SEN)
gpecimen subjected to Mode I loading condition as shown in Figure 1. Due to
symmetry, only half of the contour is needed for J calculation.

Along the wvertical segment 12, 34, which are tree surtaces, the second
term of the integrand as well as all stress components except o, which is
subject to unaxial tension, in W wvanish. Thus, the strain energy density, W,

along 12, 34 is

For an elastic field, o =€ _* E and W = L E el , where E is the modulus of
Yy vy 27y T,
o
of elasticity. Under plastic yielding, e.g., Eyy > E , the following two

cases are considered. For an elastic, perfectly plastic material,

o =0, (2a)
124
and
2
1 % U,
W = SE ¢ oo(eyy " ) (2b)

For a power hardening material,

g g g N-1
£ = oo 1Y ( Y ) (ac)
E Jg

and

“mad
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where o, 1is the yield stress, N is the strain hardening constant and « i3 a
dimensionless material constant, cyy is calculated from Equation (2c) for a
given eyy which can be determined experimentally from the moire data.

Thus the integral value of Equation (1) along the vertical edges of

segments 12 and 34, is

[
n
Sy,
x
.
~

(TH By) o+ (TR By, (3)

where i is the ith segment of the contour.

Along the horizontal segment 23, dy is =zero and the first term of the
integrand in Equation (1) wvanishes. The traction, ?, along this segment are
T =0 and T =t . At this point we assume that the shear stress, Txy'

Y YY X Xy
and the displacement, u, , are negligible along segment 23, This assumption

is justified if segment 23 is sutficiently far away from the crack. The

L -
o integral value ot Equation (1) along segment 23 thus becomes
o
o
o 2y
i _ .
b Jh Ty 3% dx
e 23
N £2
b R
I fuy
V'." = ¥ (o % )i Axi]__:1 (4)
.
& Again, for the Oyy term, the same stress-strain relation, e.g., Equations (2)
:;" is used. Finally, the J-integral value is given by
o
b J =20 +J) (5)
b v h
h'_‘-‘_.
.
-
o
-
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The above experimental procedure for determining J-integral value was
carried out using strain gayes and linear variable displacement transducers at
discrete points along the specimen boundary [24-26]1. Since the test data in
these references were obtained from few locations, Equation (5) could only be
evaluated at a few discrete locations. Moire interferometry, on the other
hand, provides an easy alternative for implementing this method with better
accuracy. Since it yields highly sensitive displacement ftield, the approximate
analysis proposed above requires only a single uy—displacement moire tield for

calculating the J-integral.

Near-tield J-inteqral Measurement

Whil- the above procedure is valid tor far-tield J-integral evaluation,
its validity tor the near rfield integration contour, such as the inside
rectangular contour shown in Figure 1, must be justified. First, we wWill show
that the above far field J-integral measurement procedure is a reasonable
approximation for the near-field J value in a linear elastic field.

Consider a rectangular contour around the crack tip as shown in the legend
of Figure 2. For a linearly elastic material, the J integral along the

horizontal segment 13 can be expressed in terms of displacements ug and uy as

du du aux aux 221
= -2G - —_ 2 -
I, h { 6 M 5;1— -6t LA vl } dx (6a)

, au., ] aux aux aux EEX aux ;
= 1 G ¢ o4 32— —Ly(—2 - - --= N
J . ] G M )74 u[ a(ay + i ’(ay 3% ) Ml(ax ) J }dy (6b)




) where r and © are the polar coordinates with the origin at the crack-tip, KI
- i3 the mode [ stress intensity tractor and
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where G is the shear modulus, v is the Poisson’s ratio and

1
[ 1-v (plane stress)
M = . (oC)
1
l 1oy (plane strain)
1-2v P -
M = (2M - 1) (ed)
2 1

The second term of the integrand in Equations (ba) and (6b) were neglected
in evaluating the far-tield J-integral. For the near-tield J-integral
evaluation, wWe wWill also assume that the contour integrals, as repregented by
Equation (3) and (4), can be used. The error due to such assumption is
evaluated in the tollowing.

Consider a crack in a two dimensional linear elastic material. The mode I

crack -tip displacements are

K, -
i Ir
_ - .\Q .3 ZQ
ux =6 [T LOJZ (Mj + 3in 2] (7a)
Lo, o
uy = (I Slnz [M“ - CCS 5] (7b)
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After substituting Equations (7a) and (7b) into Equations (6a) and (6b), the
first and second terms of the integrand in Equations (6a) and (6b) are
evaluated along a non-dimensionalized half square contour, 01234, as shown in
Figure 2. Results of the numerical integration using either the first and
second terms or the first term alone in Equations (6a) and (éb) as one
traverses along the half contour are plotted in Figures 2 and 3. In these
figures, the former and latter J-integral values are denoted as “theoretical"
and ‘"approximate" values regpectively. Notable is the close proximity between
the theoretical and approximate summation of AJ, ZIAJ, along the contour betore
entering segment 34. The nondimensionalized J=ZAJ values at point 4 shows
about 14% difference between the theoretical and approximate IAJ values.

We further evaluate the validity of this J approximation procedure tor a
crack tip region characterized by a Hutchinson-Rice-Rosengren sinqular field
£27,28]1. Again consider a rectangular contour surrounding a crack tip as shown
in the legend of Figure 4. The HRR stress, strain and displacement field

Wwithin this rectangular region can be expressed as {27,281

1
N+l
g.. = O, [ — ] 5 (o (Ba)
ij o« OOEOIN r 1)
N_
N+1
£.. = g, [——i——— ] £ .8 (8b)
1] a o EOIN r ij
N
N+l
u, = m&or[ — -’] 3.(8) (8¢c)
i o OOEOIN r i
T N_ ] '
W o= NtL Oij tlJ +8d)

where IN is a dimensionless constart which varies With rlane stress or plane

h" " v . .
strawn conditions. uljivl, rlJtUI and ui(ur are dimensioniess tunctiions

F,
3




of 6. For the approximate J

and Jv as represented by Equations (3) and (4),

h

the needed Oyy and W can be represented as

€
oyy = g, (_;x%_)llN (9a)
0
W o= N (9b)

= x O €
N+l YY Yy

Equation (9%a) and (9b) represents the plastic components of Equations (2c¢) and
(<d) where the elastic components are assumed negligible in the region
characterized by the HRR field.

The approximate J can then be evaluated by substituting Equations (8a) and
{Bb) into  Equation (9) and evaluating the integral along the
non-dimensionalized half square contour. Also, the theoretical J is evaluated
by substituting Equation (8) into Equation (1) and evaluating the integral
along the non-dimensionalized half square contour. A sgstate of plane stress

Wwith N=2, 5, S0 were <chosen for this analysis. Numerical values for

v

oij(a), Qij(e> and ﬁi<e) were obtained trom [29]. The results are shown in

Figures 4, 5 and 6. Good agreement between the theoretical and approximate

J-integral are noted.
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The results of Figures 2 through 6 suggest that the approximate J as
determined by the ftar-field solution, is reasonably correct when used in a HRR
dominated <crack tip region. However, when used in a crack tip tield dominated

by linear elasticity, the error is noticeable. Figures 2 and 3 show that this

PP
.

error 18 generated during the last integration path or alcng the vertical

o
X I

~untour, line 34, indlcating that the assumed uniaxial tension state 1s not  a
reasonable  approximation ot the true state ot elastic stresses along line 34.

in contrast, both the assumed uniaxial tension state ot stress and the true

au?',v,- =
3, R

.. I ,..-

gtate ot stresses of the Hikk tield along line 34 have negligible etteot or the
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J value as evidenced in Figures 4, 5 and 6 with the flat portion along the last
integration path or line 34, and thus the approximate procedure ot evaluating J
works reasonably well. This 1induced error in the elastic crack tip stress
tield can be reduced it line 34 is situated within the region ot uniaxial
tension or more specifically along a tree boundary. As will be shown later,
under such restriction the approximate J will provide reasonably accurate J
values in an elastic tracture specimen.

The J wvalue <can also be linked to the crack tip opening displacement

(CTOD) through L[301} as
St = DN J/o, (10)

where DN values can be found in [291].

{2)Dugdale-Barenblatt Strip Yield Model

For an elastic pertect-plastic m~r*erial, the crack-tip displacement
fields tor a Mode I plane stress Dugdale-Barenblatt strip yield model can be

expressed [31] as

UO
u_ = :% —= { ZTFF_'cosg L1-2v + ZSinzg 1 - (1-2v)r_ ¥
X oGom Y P2 < 4
-rf(1l-20) (¥ cosB + sin® logk)-sin® log RJ}
1 ° /
1 _,.n n-1/2 . o S
+2G ngl{( 1) dzn~1r [Fl(n,b,v)cose Ea(n,b,v)slnal
+(—l)nd rC-F (n,8,v)cosB - F (n,U,v)31n6]} (1la)
2n 2 A
1 o - R - T
uy = aT g {ZJrry 51n§ £2-2v - 2 cos 2]+(a-¢v)rylogR

+ rl(2-2u0)(logRk cos9 - ¢ sing) + ¥ 31n8]}

a0
f;% z {(—l)nd rn-l/z[F (n,Y,v)sinB + F_(n,9,v)cosB]
2G n=1 2n-1 1 3
n n . . .
t(-1)d__r'C-F (n,9,vicos8 ¢+ F (n,Q9,v) 31nwl} (11lb)
2n 2 4
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where

44 K2
r = &% —3 - T __;_ (llc)
y 4 a, 8 O,
A _ 3 _ 3 3
Fl(n,e,v) ={ 5 n-4v)cos(n 2 )8 + (n 2 ycos(n+ 2 )0
Fz(n,G,v) =(3 -n -4v)cosin - 1)6 + (n + l)cosi(n + 1)8 (11d)
: - S Lo 3 i = 3 1
FB(n,U,v) =( 5 +n-4v)sin(n > )8 -(n > )sin(n + 2)6
Fq(n,B,v) = -(3+n-4v)sin(n-1)6 + (n+l)sin(n+l)6
. -2 drr cos 8/2
¥ = tan { Y }
r -r
Y
Lr - r;% + 4r r cos’e/2 )]1/2
‘ y y
ko= r +r - 24Jr r sin /2
y Y
g o
1 n

and KI 1s the Mode I stress intensity tactor.

The CTOD tor the Dugdale-Barenblatt strip yield model become [3]1]

l 00 r r - r r + r
CTOD = ==-(4-4v) — r {* —(—L——) log (—L—>}
2G y ry A ry ry - r

]

1 + -1/2, ] N
—— {(—1)” Yy VR inum,ut-10d . r F (n,ﬂ,v)} (12)
<G n=1 2n-1 3 2n n 2

EXPERIMENTAL APPROACH

White light moire 1nterterometry [32] was used to obtain a single-trame
record of static and dynamic displacement tields surrounding the crack tip 1in
glowly and rapidly tracturing 707%-Te and 2024-0 aluminum CEN specimens.
Figures 7 and ¥ show the optical system which utilizes a compensator grating ot

halt ftrequency, t/c, where t - 1,00 lines/mm, to 1lluminate the reterence and

e e a e e e A i A e A e b
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:ff specimen gratings ot tull and halr trequencies, respectively. The achromatic
:" light emerges trom the compensstor as monochromatic iight beams at ditterent
E diftraction angles and generates the same moire pattern ror each wave length.
i» The camera recurds the scalar sum of the light intensities associated wWith
l

‘ various wave length and thus much ot the original white light intensity is
r recovered.  When an 1ncoherent light source 1is used, the gap betWeen the
"

; reference  snd active gratings must be small. This white li1ght moire

interterimet sy wrovides the hiigh sensitivity associated wWith high  trequency

SraTAnGg. 01 e nright light scurce using a relatively simple experimental

N T~ o L 1ihT molres Iringe patterns Were recorded on a 35 mm camera
w. . ' ¢t s. fiitering. A motor-driven camera provided up to 6
Droame © bl Tt seluential o resords Of the moire  tringes. Using this
et T Ter v arcoouaht source, which 1s used to align the optical

Stem ot ey, noore uyrsed te record  dynamic molre  tringe

LATT O D i Lt oy vain Tav g oLt lischdrde,

Fraoctore  te 0TS Were TUnd. Tl seler BNt Laddlly lncreasing displacement
fvadings.  Tne SpeIlmen oo onfliuratlin, Dolelia: Properties dnd the twoe materldal

coetficients tor the puwer nardening  stress-strain rejatlons  are shown  in

s

Fijure o, Thess material propsrilces  1ndicate  tpat aluminum 0 9 Teo1s
egsentlatly an eiastic-peri<c? poactiil materldag while 2024 0 13 1 straan
hardening material. Frgurew 1 and 1L are typlcal wWhite  light  moire
interterometry tringe cattern: o0 aluminom J0/% Toeoand 2004-0 SEN zpecaimen wWith
Stable rack qroowWthos Ther afRC Aiate 0 cvaLLa’t i N proledure Wwds  used to
L ed oot Lone T and Lt s tests n paate ortresnoalong ditterent patns

Whiitooare shooWn in Frrres i1
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7075-To SEN Specimens

Since JU75-To aluminum is 4 relatively brittle material with the crack-tip
being surrounded with small scale yielding, the tar-tield J value as well as
the near-tield J value outside ot the yield zone can be determined by elastic
analysis. These elastic values are used to verity the accuracy ot the
experimental and data reduction procedures used in this paper.

Figure 12 shows the 1log-log plot ot the uy—displacement versus radial
distance up to marked boundary where the slope was 0.5+0.05. Experimental
deviation in the slope of log uy versus 1log r curve was determined by linear
regression of a straight line fitting through the data points in Figure 12 and
then computing the percentage deviation in slope from the crack tip. The
average slope of 1/2 1in the wvicinity of the «crack tip indicates that the
elastic field prevailed in this specimen up to a distance 1.2 mm trom the
crack tip. The approximate J values which were determined by the above
mentioned J evaluation procedure are shown 1n Table 1. Also shown tor
comparison purpose in Table 1 are the corresponding stress intensity tactor
values computed by K = 10*E using the J wvalues obtained ftrom the moire
fringes and the K wvalues computed by using the tormula in ASTM S5TF 410 (331,
the William s polynomial function [34) and the Dugdale strip yield model.
Figure 13 1s the corresponding plots or the stress intensity ractor, K, versus
applied load. Good agreements between the measured K and that computed by ASTM
STP 410 results are noted. Also shown in Table 1 are the experimentally
measured and the computed CTOD wvalues based on the Dugdale-Barenblatt straip
yield model. The computed CTUD value were obtained by least square litting
Equation (1l) Wwith n=2 which is a four parameter characterization ot the crack

tip stress trield to the uy»displacement tield of the moire tringes. The

e, L et - . L a
K L . N
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parameters, (e.g. dn and ry) Wwere then back substituted to Equation (12) and
the CTOD value was computed. Figure 14 shows CTOD plots ot the 7075-T6é fatigue
precracked specimens versus applied load. The same CTOD values were observed
before the onset of unstable crack growth in this tatique pre-cracked SEN

specimens.

Table 2 shows the approximate J values which were determined along the

ik

three contours 1in the 7075-Te6 SEN specimen showWwn in Figure 10, for ten
sequential moire tringe patterns ot stable crack growth. As expected in this
elastic specimen, the J-values along these three contours, tar to near field

contours are in good agreement with each other.

2024-0 SEN Specimens

A 2024-) GSEN specimens, With fatigue precrack, wWere tested to failure.

Unlike the 7075-T6 specimens, no unstable crack growth were observed in these

-

B 080G

specimens which exhibited large scale yielding. Figure 15 shows the log-log
plots ot the uy—displacement versus distance to the crack tip ot Figure 11.
The average slopes near the crack tip within the marked region in Figure 15
1s 1l/6%* 0.0Z which is the predicted exponent tor a HRR displacement tields

L27,28). Table 3 showWws the approximate J wvalues obtained from the sequential

- B

® molre 1nterterometry recordings ot the test specimen along three difterent

..

paths as shown 1n Figure 1l tor each rrame. These results show that within

the relatively short crack extension of 0.75 mm, J is still a valid parameter
'b for characterizing the crack tip L35 and Equation (lU) is wvalid Wwithin
this loading range. The path 1ndependency ot the measured J wvalues for each
trame 1s an experimental validation ot the J estimation procedure proposed in
(] this paper. Fiqure le shoWws the increases in the approximate J values, which

are conglstent With published results [20,213, wWith crack extensicn tor

Y XY Y T v
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. .
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the 2024-0 specimen. Notable in Figure lo is the slopes dJ/da of the J
values which remain constant during the initial short crack extension ot
0.4-0.5 mm and its continuous decrease beyond this short crack extension.
Figure 17 shows the increases in CTOD values with crack extension. These CTOD
values can be linked to the corresponding measured J values through Equation
{10) where Figqure 18 show the variations ot the experimental determined D

N

values which agree tavorably with the DN value determined by the HKK tield,

(e.g., DN=O.33 for 2024-0 aluminum material).

CONCLUSIONS
1. White 1light moire technique was ugsed to determine the uy-displacement
field of stably growing cracks 1n 7075-T¢ and 2024-0 aluminum SEN

specimens.

[V}

An procedure for estimating J trom the recorded uy~displacement field was
developed. This approximate J agrees reasonably well in a HRR crack tip
field but required special handling when used in an elastic crack tip
field.

3. The approximate J and CTOD at the onset and during stable crack growth
Wwere recorded. Limited data suggests that there exist a constant CTUD tor
unstable crack propagation in 70/5-To aluminum SEN specimen. HRk tield

dominates stable crack growth in 2024-0 aluminum SEN specimen.
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Table 1 Measured and Calculated J, K and CTOD of 7075-T6 Aluminum SEN
Specimen with Fatigue Precrack.

N N Dy T T T T TR A
{Frame?Applied Crack 'Measured: K (stress intensity factor) | Measured |Calculated:

no. load length J 1A 2* 3* 4* CToD : CTOD **
%(KN) (mm) (MPa m) ; (MPa Vm) (lo-jmm); (10 ’mm)
1 1.17 2.18  0.0008 7.7 7.5 7.8 7.7 g 3.3 0 4.
2 1.93 2.18  0.0022 '12.1 12.5  14.7 13.0 ; 4.1 ; 5.0
i 3 2.85 2.18  0.0050 ;18.8 18.9 20.5 16.9' 5.8 i 7.9 f
E»- 4 3.30 2.40 . 0.0066 '23.1 21.8 22.2 2180 7.3 9.5
&}ii 5 3.00 £.48  0.0083 ;25.9 24.4 27.6 22.86 7.9 10.1
o 598 Z.e5  0.0110 29.9  28.1 28.2 25.7 . 9.1 11.2 |
7 4.9 2.84 0.0133 133.9 30.8 29.4 28.6 9.9  14.1 |
BA*+ 4,35 ‘2.94 0.0151 . 35.2 32.9 30.0 28.9, 9.9 15.0
gak* 4 6l 3.11  0.0205 38.3  38.3 37.9 32.2 é 9.9 5 18.0 ‘
30***J4.90 $4.01 0.0340 7;50.8 19.1 43'?uu_-%7;§J, 9.9 ; 0.2 i

A 1* : based on ASTM STP 410 K evaluation procedure.

Py 2* : based on J evaluation procedure, e.g. K=JJ*E.

3* : based on the William's polynomial function.

4* : based on the Dugdale-Barenblatt strip yield model.
** : based on the Dugdale-Barenblatt strip yield model.

»xk: rapid crack growth.
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Table 2 Measured Approximate J Values for Difterent Contours in
7075-T6é Aluminum SEN Specimen with Fatiqued Precrack.

I S T T T T T -
Frame , Applied Crack { Measured J N E
nc . load " length #1 #2 #3 !

i
- (KN) (mm) ‘ (Mpa m) J
o S
" - : -3 -3 -3
1 1.17 2.18 . 0.75xl10 0.79x10 0.81x10
: 193 2.18 1.96x107°  2.15x1073 2.43x10'3;
: | . - -3
3 2.85 2.18 | 4.66x10 4 5031073 5.23x10 3§
! ; _ _ o
4 3.30 . 2.40 . 6.328107°  6.68%10°°  7.00x10° 3 |
5 3.60 2.48 7.75x10 0 8.36x103  8.80x10 3
* !

b 3.98 2.65  10.7x10°  10.8x107° 11.6x10'3,

70 4.29 284 13.2x107° 13.3x1070 13.3x1073

|

Bee 4,35 2.94  14.9x107°  15.1x107°  15.3x10 °

9** 4.6 301 18.7x107° z0.4x1070 22.20107% !

10%* i 4.70 ¢ 4.01 | 33.0x10°°  33.7x10°° 34,lx10-3j
e I 1 _ T

* : tar-field contour
**: rapid crack growth
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Table 3 Measured Approximate J Values for Different Contours in
2024-0 Aluminum SEN Specimen with Fatigqued Precrack.

r - v e - )
‘Frame! Applied ; Crack | Measured J N !
no. - load ! length' 41 $2 43 !
" (KN) (mm) (Mpa m) |
- : S
: -3 -3 S 5
1 0.9 . 1.59  0.37x107°  0.36x107>  0.36x1073 |

: i

2 1.24 | 1.63 | 2.06x107°  2.03x107°  2.04x1073"
‘ l _ _ - |
30 L6 1.66 . 3.30x107°  3.28x1077  3.27x107%
4 0 1.68  1.69  4.22x10°  4.17x107°  4.1ex1073"
5 1.8l ! 1.74 0 6.23%107°  6.12x107°  6.10x107 |
6 2.00 . 1.78  7.01x10°  6.71x107°  6.82x10 > !

7 2.11 | 1.89 10.2x10 70 10.1x10 > 10.0x10 >
8  2.21 | 1.98 . 12.0x10° 1l.ex107° 11.7x1073
9  2.23 . 2.14 13.2x1070  12.9x107° |

10 . 2.30  2.36 j 14.8x107°  14.4x1073
SRR S R LT

* . far-field contour
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